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Abstract
We have undertaken the first detailed analysis of Rho GTPase function during vertebrate development by analyzing how RhoA and Rac1
control convergent extension of axial mesoderm during Xenopus gastrulation. Monitoring of a number of parameters in time-lapse
recordings of mesoderm explants revealed that Rac and Rho have both distinct and overlapping roles in regulating the motility of axial
mesoderm cells. The cell behaviors revealed by activated or inhibitory versions of these GTPases in native tissue were clearly distinct from
those previously documented in cultured fibroblasts. The dynamic properties and polarity of protrusive activity, along with lamellipodia
formation, were controlled by the two GTPases operating in a partially redundant manner, while Rho and Rac contributed separately to cell
shape and filopodia formation. We propose that Rho and Rac operate in distinct signaling pathways that are integrated to control cell motility
during convergent extension.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction
Cell movements are essential for the development of all
vertebrate and most invertebrate embryos. They begin at
gastrulation when changes in cell shape, adhesion, and mo-
tility coordinate a series of tissue rearrangements that es-
tablish the basic body plan of the embryo. In Xenopus,
gastrulation comprises several distinct types of cell move-
ment, including epiboly of the ectoderm, rotation of the
endoderm, involution of the mesoderm, migration of pro-
spective head mesoderm cells, and convergent extension
of the dorsal mesoderm (Keller and Winklbauer, 1992;
Winklbauer and Schurfeld, 1999). During convergent ex-
tension, cells of the future trunk mesoderm elongate and
extend cytoplasmic protrusions laterally. These protrusions
contact neighboring cells and create traction and force en-
abling the cells to intercalate between one another. These
lateral cell movements result in the mediolateral narrowing
(convergence) and anteroposterior lengthening (extension)
of the embryo. The morphological details of convergent
extension movements during Xenopus gastrulation are well
defined (Keller et al., 2000; Shih and Keller, 1992a); how-
ever, the molecular basis of these movements has not been
resolved (Keller, 2002).
Pioneering work by Hall and colleagues demonstrated
that changes in the actin cytoskeleton are mediated by
members of the Rho family of small GTP-binding proteins,
including Rho, Rac, and Cdc42. Using serum-starved Swiss
3T3 fibroblasts, they showed that Cdc42 acts upstream of
Rac, which, in turn, acts upstream of Rho in a linear path-
way. In this pathway, Cdc42, Rac, and Rho induce the
formation of filopodia, lamellipodia, and stress fibers, re-
spectively (Nobes and Hall, 1995b). Following these initial
studies in cultured fibroblasts, Rho GTPases have been
shown to control a large variety of biological responses,
including chemotaxis, cytokinesis, axon guidance, and cell
cycle progression (Hall and Nobes, 2000). Using embryos,
principally from the invertebrates Drosophila and Caeno-
rhabditis, it has also been shown that Rho and Rac partic-
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ipate in several developmental processes that involve cell
motility and rearrangement of the actin cytoskeleton (Settle-
man, 2001). In Drosophila, both Rac and Rho control cell
shape changes throughout development (Barrett et al., 1997;
Hacker and Perrimon, 1998; Harden et al., 1995, 1999; Wu
et al., 1995; Crawford et al., 1998; Magie et al., 1999) and
establish planar cell polarity of ommatidia and wing hairs
(Eaton et al., 1995; Strutt et al., 1997; Fanto et al., 2000;
Winter et al., 2001). In C. elegans, Rho GTPases are also
important for epithelial cell polarity, as well as for neuronal
cell migration and axon guidance (Zipkin et al., 1997; Jo-
hansson et al., 2000). In both species, genetic analyses
demonstrate that cell polarity is regulated by the planar cell
polarity (PCP) signaling pathway that controls rearrange-
ment of the actin cytoskeleton and gene regulation (Strutt et
al., 1997; Fanto et al., 2000; Weber et al., 2000; Winter et
al., 2001).
In vertebrate embryos, Rho GTPases are also clearly
implicated in processes involving cell movement. Rac1
function is essential for gastrulation in mouse embryos
(Sugihara et al., 1998), while RhoB plays a role in the
delamination of neural crest cells from the dorsal neural
tube (Liu and Jessell, 1998). In addition, Rho kinase 2
(Rok2), a major downstream effector of RhoA, mediates
cell polarity and motility during zebrafish gastrulation (Mar-
low et al., 2002). In Xenopus embryos, Rho GTPases are
expressed in tissues that undergo extensive morphogenetic
movements during development, such as marginal zone
cells, somitogenic mesoderm, and neural crest cells (Wun-
nenberg-Stapleton et al., 1999; Choi and Han, 2002; Lucas
et al., 2002). Both Rho and Rac are important for cell
adhesion in the ectoderm (Hens et al., 2002; Wunnenberg-
Stapleton et al., 1999), and Rho has been proposed to play
a role in the formation of head structures (Wunnenberg-
Stapleton et al., 1999). Cdc42 is thought to regulate con-
vergent extension through the protein kinase C (PKC-)-
mediated Wnt/Ca2 pathway (Choi and Han, 2002). Both
Rho and Rac are activated downstream of Wnt11/Fz7 in the
planar cell polarity pathway (Habas et al., 2001, 2003;
Wallingford et al., 2002). Activation of Rho through
Dishevelled proceeds through a novel intermediate, Daam1,
and possibly an unknown guanine nucleotide exchange fac-
tor (GEF) (Habas et al., 2001). Rac activation proceeds
through Dishevelled; however, it is independent of Daam1
and results in the activation of the JUN N-terminal kinase
(JNK) (Habas et al., 2003).
Taken together, these previous studies make a strong
case for the involvement of Rho and Rac in cell adhesion
and migration and suggest that they regulate the morpho-
genetic processes of vertebrate gastrulation. Analysis of
cultured cells derived from Rac1 knockout mice has indi-
cated that Rac1 is involved in lamellipodia formation, cell
adhesion, and cell migration (Sugihara et al., 1998); how-
ever, the precise functions of the Rho GTPases within de-
veloping vertebrate embryos has never been dissected. In
this study, we describe how RhoA and Rac1, the two most
extensively characterized members of the Rho family of
GTPases, control cell motility during Xenopus gastrulation.
Time-lapse analysis of axial mesoderm tissue showed that
Rho and Rac induce cytoplasmic protrusions with charac-
teristic dynamic properties, distinct from those described
previously in cell culture. We have further demonstrated
that inhibition or activation of Rho GTPases disrupts gas-
trulation because cell intercalation of the axial mesoderm is
impaired. Examination of cell behavior in these embryos
revealed that Rho and Rac have both independent and over-
lapping roles in cell motility during convergent extension.
Based on these findings, we propose a model in which Rho
and Rac act in parallel in signaling pathways that are inte-
grated to control these movements during gastrulation.
Materials and methods
Embryo culture, microinjection, and microdissection
Embryos were fertilized in vitro, dejellied with 2% cys-
teine (pH 7.5–8.0), and subsequently cultured at 14–20°C
in 10% Marc’s Modified Ringer’s (0.1  MMR) (Peng,
1991). They were staged according to Nieuwkoop and Faber
(1967).
Microinjection of in vitro transcribed capped mRNA was
performed as previously described (Ataliotis et al., 1995).
mRNA (1–2 ng) encoding a dominant negative or constitu-
tively active Rho GTPase was coinjected with 250 pg to 2
ng mRNA encoding a membrane-tagged version of green
fluorescent protein (GAP43-GFP; the generous gift of E.M.
DeRobertis) (Moriyoshi et al., 1996). The concentrations of
Rho GTPase mRNA used did not interfere with the ability
of the blastomeres to undergo cytokinesis (Drechsel et al.,
1997). GAP43-GFP mRNA was used as a control for
mRNA injections. In certain experiments, the lineage tracer
tetramethylrhodamine dextran (mini-ruby; Molecular
Probes; 8–132 pg) was coinjected with the mRNA. The
localization of mini-ruby was scored at stage 10.25 to verify
the injection site and to identify embryos in which the first
cleavage plane bisected the blastopore lip.
Open-faced Keller explants and “shaved” Keller explants
were dissected at stages 10.25 and 10.5, respectively, and
kept flat under a coverslip bridge as previously described
(Shih and Keller, 1992c). They were then incubated in 1
Danilchik’s for Amy medium (DFA) (Sater et al., 1993).
Open-faced explants were cultured at 14°C until stage 20,
when their elongation was assessed as described by Wall-
ingford (Wallingford et al., 2001). Briefly, explant elonga-
tion was quantified by measuring the length of the longest
aspect of each explant and the width of each explant at the
constriction point where the mesoderm extends from the
neural ectoderm. The length-to-width ratio (LWR) was sub-
sequently calculated for each explant. Measurements were
performed by using the public domain NIH Image 1.62
program (http://rsb.info.nih.gov/nih-image/), and significant
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differences among explants were calculated by using the
Student’s t test (P  0.05).
The area of mini-ruby labeled cells in Fig. 3 was mea-
sured by using NIH Image to outline the labeled cells and
calculate the area. “Shaved” Keller explants were allowed to
heal for 10 min and then immediately monitored by time-
lapse confocal microscopy (Zeiss Inverted Axiovert 100 M
BP Laser Scanning Microscope 510; stage 10.5; see be-
low).
Plasmid construction and RNA preparation
Human RhoA and Rac1 GTPase cDNAs were subcloned
into the vector pCS2. The plasmid pCS2-RhoN19 was
generated by using polymerase chain reaction (PCR) to
subclone the insert of the pEXV-myc-RhoAN19 plasmid
(the gift of M. Symons) into the EcoRI and XhoI sites of
pCS2 (the gift of D.L. Turner and R.A. Rupp) (Rupp et
al., 1994). pCS2-RhoAV14 was constructed similarly from
pEBG-RhoAV14 (a gift from M.M. Chou). pCS2-RacN17,
pCS2-RacV12, pCS2-Rac1WT, and pCS2-CDC42WT were
constructed by subcloning the EcoRI/BamHI fragments of
pGEX2T-RacN17, pGEX2T-RacV12, pGEX2T-Rac1WT,
and pGEX2T-CDC42WT (kind gifts of K.F. Tolias and
L.C. Cantley) into pCS2. The sequences of all plasmids
were verified at the Molecular Genetics Core Facility, Bos-
ton University School of Medicine (Boston, MA).
Synthetic mRNA molecules encoding the dominant neg-
ative (RhoN19, RacN17) or constitutively active forms
(RhoV14, RacV12) of RhoA and Rac1 were transcribed
from the SP6 promoter of pCS2 by using the mMessage
Machine kit (Ambion). Similarly, GAP43-GFP was tran-
scribed from pCS2/GAP43-GFP.
Whole-mount in situ hybridization
Early gastrula embryos (stage 10) that had been in-
jected with 2 ng of mRNA encoding a Rho GTPase and
mini-ruby at the two-cell stage were processed for whole-
mount in situ hybridization as described by Harland (1991).
Digoxigenin-labeled cRNA probes for the mesoderm
marker brachyury (Xbra) (Smith et al., 1991) and the orga-
nizer marker goosecoid (gsc) (Blumberg et al., 1991) were
used to assess whether mesoderm induction had occurred in
these embryos.
Whole-mount immunohistochemistry
Detection of notochord and somitic mesoderm with the
monoclonal antibodies Tor70 (the generous gift of R.M.
Harland) (Kushner, 1984) and 12/101 (Developmental
Studies Hybridoma Bank) (Kintner, 1984), respectively,
was performed as described by Lane and Keller (1997).
Embryos injected with 2 ng of mRNA encoding a Rho
GTPase and mini-ruby were fixed in MEMFA at stage 26
and stained by using the Tor70 (IgM) and 12/101 (IgG)
primary monoclonal antibodies. Immunostaining was per-
formed with horseradish peroxidase-conjugated goat anti-
mouse IgM or IgG secondary antibodies (Jackson Immu-
noresearch), using diaminobenzidine tetrahydrochloride
(Polysciences) without NiCl2 (Tor70, black color) or with
NiCl2 (12/101, maroon color) (Hsu and Soban, 1982) for
color development.
Time-lapse confocal movies
Short time-lapse confocal movies were made of shaved
Keller explants by capturing one image once every 15 s for
15 min. These explants were dissected at stage 10.5 from
embryos that had been injected at the 2-cell stage in the
prospective dorsoanterior mesoderm with 1 ng of mRNA
encoding a dominant negative or constitutively active form
of Rac or Rho and 1 ng of membrane-targeted GFP mRNA
(GAP43-GFP). The explants were allowed to heal for 10
min before filming began at stage 10.5. Every cell in each
explant was evaluated for changes in shape and changes in
the type, activity, and polarity of its cytoplasmic protru-
sions. All measurements were performed by using NIH
Image. Cell shape was assessed by measuring the length-
to-width ratio (LWR) of every cell in the middle frame (t 
7.5 min) of each movie. Briefly, each cell’s longest aspect
(long axis, LA) and the aspect perpendicular to it (short
axis, SA) were measured. LWR was calculated by deter-
mining the LA/SA ratio. Cell protrusions were classified
into two categories, lamellipodia (sheet-like protrusions that
extend directly from the cell body) or filopodia (finger-like
protrusions that extend directly from the cell body), accord-
ing to their morphology (Nobes and Hall, 1995b). Clusters
of filopodia were counted as one if all of their spikes
extended and retracted at the same time as a single entity.
The activity of each cytoplasmic protrusion was classified
according to whether it was present in every frame of the
sequence (stable; S), it appeared after the first frame and
persisted throughout the remaining sequence (new; N), it
was present in the first frame but retracted in a subsequent
frame (retracted; R), or it appeared after the first frame and
retracted before the last (transient; T; see Fig. 5K). The
lifespan of the transient protrusions was measured by cal-
culating the time elapsed between their appearance and their
retraction. The polarity of the stable and transient cytoplas-
mic protrusions was also assessed. Each protrusion was
assigned a position relative to the long or short cell axis
based on 90° sectors from the middle of the cell body. At
least 4 explants in 3 independent experiments were analyzed
for each condition. The total number of cells examined for
each treatment was control n  183 (5 explants), dnRho n
 154 (5 explants), caRho n 217 (4 explants), dnRac n
103 (4 explants), caRac n  99 (4 explants), and dnRho/
dnRac n 143 (4 explants). In Fig. 5J, the number of stable
and transient cytoplasmic protrusions assessed for each set
of injections was control n  180 (124 cells), dnRho n 
133 (100 cells), caRho n  315 (181 cells), dnRac n  97
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(70 cells), caRac n  158 (86 cells), and dnRho/dnRac n 
50 (44 cells). In Fig. 5K and L, the number of cytoplasmic
protrusions assessed for each treatment was control: 430
protrusions, dnRho: 384 protrusions, caRho: 510 protru-
sions, dnRac: 216 protrusions, caRac: 270 protrusions, and
dnRho/dnRac: 279 protrusions.
Long time-lapse movies were made of shaved Keller
explants by capturing one image once every 3 min for 3 h
beginning at stage 10.5. Every cell in each explant was
assigned a number that was then used to randomly select
specific cells for analysis. The selected cells were evaluated
for motility throughout the movie, whereas cell shape and
the polarity of cytoplasmic protrusions were assessed in the
first and last frames of each movie only. The number of cells
examined for each treatment were control n  39 (3 ex-
plants), dnRho n  45 (3 explants), caRho n  45 (3
explants), dnRac n  60 (4 explants), caRac n  45 (3
explants). All measurements were performed by using the
public domain NIH Image 1.62 program (http://rsb.info.nih.
gov/nih-image/).
Statistical analysis of data derived from time-lapse
confocal movies
The Student’s t test was used for analysis of experiments
using intact Keller explants and the long time-lapse movies.
For experiments in which individual cells were assessed in
the short time-lapse movies (see Fig. 5), however, given that
data were observed on multiple cells from each explant in
each movie frame, statistical methods that take into account
the correlated nature of the data were employed. General-
ized linear mixed models with “explant” as the clustering
variable (Diggle et al., 1994) were used to evaluate treat-
ment effects and calculate significant changes in the means
between control and treated explants for LWR and the
lifespan of transient protrusions (P  0.05). Analysis of the
data indicated that, if we were to repeat the same experi-
mental procedure multiple times with the same sample size,
results might be similar substantively, but the P values
might fluctuate slightly, ranging from 0.05  P  0.15.
Thus, for P values that fell between the 5–15% range of
significance (0.05  P  0.15), an effect suggestive of
treatment was proposed. Analysis of activity, type, and
orientation of cytoplasmic protrusions was performed by
using Poisson regression models via generalized estimating
equations with explant as the clustering variable (Diggle et
al., 1994). These methods allow for the inclusion of out-
come data for subjects with incomplete follow-up, as long
as these data are “missing at random” (MAR), in the ter-
minology of Rubin (1991). Statistical analysis of the short
time-lapse movies was performed in collaboration with H.
Cabral, Boston University School of Public Health (Boston,
MA).
Results
Overexpression of Rho and Rac disrupts gastrulation
The function of the Rho GTPases during early Xenopus
development was examined by overexpression of dominant
negative (RhoN19, RacN17) or constitutively active
(RhoV14, RacV12) mutants of RhoA and Rac1 in the mar-
ginal zone of embryos. Embryos injected at the four-cell
stage were monitored until the tailbud stage (stage 26).
Dominant negative (dn) and constitutively active (ca) forms
of Rho and Rac had a similar effect on the development of
the embryos.
Throughout the early cleavage and blastula stages, the
Rho GTPase-injected embryos were indistinguishable from
sibling controls. At the onset of gastrulation, the blastopore
lip formed normally, although it was slightly delayed when
the injection of Rho GTPase mRNA was targeted to the
presumptive dorsoanterior mesoderm. As gastrulation pro-
Table 1
Overexpression of dominant negative or constitutively active Rho and Rac induce gastrulation-specific defects.












RNA Control 1 ng 96 4 0 0 (78) 95 0 1 0 (78)
2 ng* 87 2 5 5 (82) 89 0 2 1 (65)
dnRho 1 ng* 64 10 25 0 (69) 84 4 4 3 (56)
2 ng 69 4 25 2 (52) 73 13 9 3 (56)
caRho 1 ng* 70 5 13 12 (62) 72 9 14 3 (53)
2 ng 29 27 37 7 (56) 46 0 36 18 (50)
dnRac 1 ng* 82 7 11 0 (67) 81 0 13 3 (69)
2 ng* 51 23 23 2 (71) 79 1 10 5 (71)
caRac 1 ng 67 7 17 9 (55) 80 0 14 6 (51)
2 ng 53 10 24 13 (59) 67 4 19 10 (57)
Note. The percent of embryos with gastrulation-specific defects are indicated. Total number of embryos analyzed (n). Three or more independent
experiments were combined for each data set shown.
* The remaining percent of embryos died
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ceeded, Rho GTPase-injected embryos showed delayed me-
soderm involution compared with controls with some ulti-
mately failing to close the blastopore. These embryos
developed with multiple anterior and axial gastrulation de-
fects (Table 1; Fig. 1L, M, O, and P). Anterior defects
comprised reduced or absent head structures. These pheno-
types are consistent with either a failure of the head meso-
derm to be induced or an inhibition of head mesoderm cell
migration and support a role for Rho GTPases in head
formation (Wunnenberg-Stapleton et al., 1999).
Axial gastrulation defects included a failure of the proc-
todeum to close, spina bifida, and a shortening of the an-
Fig. 1. Mesoderm induction occurs normally in Rho GTPase-injected embryos but differentiated mesoderm is disorganized. mRNA (2 ng) encoding a
dominant negative or constitutively active Rho GTPase was microinjected into the presumptive dorsoanterior mesoderm at the two to four-cell stage. The
embryos were cultured until stage 10.5 for in situ hybridization (A–J) or stage 26 for whole-mount immunohistochemistry (K–P). In situ hybridization using
cRNA probes for Xbra (Xenopus brachyury; A–E) and Gsc (goosecoid; F–J). The normal expression pattern of Xbra (A) and gsc (F) was unaffected by
overexpression of dominant negative (B, D, G, I) or constitutively active (C, E, H, J) Rho GTPase. Vegetal views of embryos are shown (A–J). Whole-mount
immunohistochemistry of embryos double stained with notochord-specific Tor70 (black) and somite-specific 12/101 (brown) antibodies revealed that the
pattern of differentiated mesoderm was disorganized in Rho GTPase-injected embryos (L, M, O, P) compared with controls (K, N). Two views of control
embryos are shown (K, lateral view; N, dorsal view). Severe examples of Rho GTPase-injected embryos are shown in (L; dorsal view) dnRho, (M; dorsal
views) caRho, (O; lateral view) dnRac, and (P; lateral view) caRac. Rho GTPase-injected embryos developed with spina bifida and reduced head structures.
Whereas differentiated somites and notochord were present in these embryos, both sets of structures were shorter than normal and disorganized.
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Fig. 2. Rho and Rac are required for and act in parallel during convergent extension. Keller explants elongate in culture due to convergent extension
movements (A, F, M, R). This elongation is inhibited in explants derived from embryos injected with dominant negative (B,N, dnRho; G,S, dnRac),
constitutively active (C, caRho; H, caRac), or wild-type (D, T, wtRho; I, O, wtRac) Rho GTPase (K, L, W, X). Coexpression of either dnRho or dnRac with
its wild-type counterpart (dnRho/wtRho or dnRac/wtRac) at 1:1 ratio rescues explant elongation (E, J, K, L, P, U, W, X). In contrast, inhibition of convergent
extension is not rescued when wild-type Rho is coexpressed with dominant negative Rac (V, X) or when wild-type Rac is coexpressed with dominant negative
Rho (Q,W). Three or more independent experiments were conducted for each data set. (K, L, W, X) Statistical analysis was carried out by using the Student’s
t test. Error bars indicate the 95% confidence intervals.
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teroposterior axis. Both the open proctodeum and spina
bifida phenotypes result from the inability of the blastopore
to close, and all three phenotypes are associated with a
failure of convergent extension movements of the axial and
paraxial mesoderm (Wallingford and Harland, 2001). A
similar range of phenotypes was observed irrespective of
the tissue targeted; however, dorsoanterior-targeted injec-
tions typically gave a higher percentage of gastrulation-
specific abnormalities (Table 1). As reported previously
(Wunnenberg-Stapleton et al., 1999), results showed some
variability, the numbers of embryos with gastrulation-spe-
cific defects depending on the Rho GTPase, target tissue,
embryo batch, and amount of mRNA injected. Higher con-
centrations of Rho or Rac mRNA tended to result in a
greater number of gastrulation defects (Table 1).
Rho and Rac are not required for mesoderm induction or
differentiation
The phenotypes described above could either result from
defective cell movement or be indirect consequences of
interference with axial mesoderm induction. The latter pos-
sibility is plausible since Rho proteins can function as in-
termediates in several cytoplasmic signal transduction path-
ways (Hill et al., 1995; Perona et al., 1997). To distinguish
these possibilities, we examined expression of the organizer
mesoderm marker goosecoid (gsc) (Cho et al., 1991) and the
mesoderm marker brachyury (Xbra) (Smith et al., 1991) by
in situ hybridization. Expression patterns for both these
RNAs in Rho GTPase-injected embryos (Fig. 1B–E, G–J)
were indistinguishable from those in control embryos (Fig.
1A and F), indicating that mesoderm induction had occurred
normally. Furthermore, whole-mount immunostaining using
antibodies recognizing notochord and somitic mesoderm
demonstrated the presence of differentiated mesoderm
structures in Rho GTPase-injected embryos. Axial and
paraxial mesoderm were shortened in these embryos (com-
pare Fig. 1L, M, O, and P with K and N), but the somitic
mesoderm was often organized in its characteristic chevron
pattern (Fig. 1M and P). Notochord tissue was either bifur-
cated posteriorly or asymmetrically localized to one side of
the open blastopore (Fig. 1L and M). We conclude that
mesoderm induction and differentiation are not affected in
embryos overexpressing constitutively active or dominant
negative Rho GTPases, and that morphogenesis during gas-
trulation is thus likely disrupted directly.
Convergent extension requires both Rho and Rac
The type of axial defects observed in Rho GTPase-
injected embryos were consistent with those reported when
convergent extension is disrupted (Sokol, 1996). To inves-
tigate this further, open-faced Keller explants (see Materials
and methods) were dissected from stage 10.25 embryos that
had been injected in the presumptive dorsoanterior meso-
derm at the four cell stage with 1 ng of mRNA encoding a
dominant negative (dn) or constitutively active (ca) form of
Rho or Rac (dnRac, caRac, dnRho, caRho). Control Keller
explants, when cultured until late neurula stage (stage 20),
elongate due to convergent extension of the prospective
notochord and somitic region (Fig. 2A, F, M, and R). Keller
explants in which the dominant negative, constitutively ac-
tive, or wild-type forms of Rho or Rac were overexpressed
failed to participate in the movements of convergent exten-
sion (Fig. 2B–D, G–I, N, O, S, and T). These explants did
not elongate and the length-to-width ratio (LWR) decreased
from 3.3 in control explants to 1.1 in Rho GTPase-injected
ones (Fig. 2K, L, W, and X). The specificity of the effects
provoked by dnRho and dnRac was demonstrated by coin-
jection of equal amounts of wild type versions of the cor-
responding proteins, which essentially restored control be-
havior (Fig. 2E, J–L, P, U, W, and X). In contrast,
convergent extension defects in Keller explants dissected
from embryos injected with dnRho were not rescued by
coinjection of wild-type Rac (Fig. 2Q and W), nor did
wild-type Rho rescue dnRac-injected explants (Fig. 2V and
X). Thus, in contrast to stress fiber formation in cultured
fibroblasts, convergent extension can be affected by Rac
without activating Rho.
Taken together, these data demonstrate that both Rho and
Rac signaling are necessary for convergent extension of the
axial mesoderm. They further indicate that Rho and Rac
participate in distinct signaling pathways required for con-
vergent extension and that both pathways need to function
correctly for convergent extension to occur. Fine-tuning of
Rho and Rac activity is likely necessary for proper cell
intercalation to occur, since inhibition, activation, or over-
expression of the wild-type form of these two GTPases
abolished convergent extension.
Rho and Rac are essential for cell intercalation
Convergent extension is driven by the mediolateral in-
tercalation of axial mesoderm cells. To assess the role of the
Rho GTPases in this process, shaved Keller explants (see
Materials and methods) were monitored by confocal mi-
croscopy. Explants were derived from embryos that had
been injected in the presumptive dorsoanterior mesoderm
region of both cells at the two-cell stage with 1 ng of mRNA
encoding a dominant negative or constitutively active form
of Rac or Rho and 1 ng of membrane-targeted GFP mRNA
(GAP43-GFP) (Moriyoshi et al., 1996). Injection of the left
blastomere with the lineage tracer mini-ruby allowed cell
mixing at the midline of the explant to be evaluated (Fig. 3).
At stage 10.5, when convergent extension movements
have just begun, little or no cell movement was detected
across the midline of any explants including controls (left
panels, Fig. 3C, E, G, I, and K). By the midneurula stage (st.
16), mini-ruby-labeled cells in control explants had interca-
lated with cells labeled by only GAP43-GFP, creating a salt
and pepper pattern of cells at the midline (left panel, Fig.
3D). In contrast, little or no cell intercalation occurred in
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Fig. 3. Cell intercalation of axial mesoderm cells depends on normal Rho and Rac activity. Cell intercalation was assessed in shaved Keller explants dissected
from control or Rho GTPase-injected embryos. (A) For each treatment, the top two panels show the explant at stage 10.5 and the lower panels at stage 16.
The left of each panel shows mini-ruby-labeled cells and the right cells containing GAP43-GFP. (B) Each explant is centered on the blastopore lip that is
at the bottom of each frame. Cell mixing, an indication of cell intercalation, occurred between stages 10.5 and 16 in control embryos (compare C and D).
Cell intercalation was inhibited, however, in explants in which dominant negative (compare E and F for dnRho and I and J for dnRac) and constitutively active
(compare G and H for caRho and K and L for caRac) Rho GTPases were overexpressed. (M) Data analysis revealed that cell intercalation was significantly
reduced in Rho GTPase-injected explants. Statistical analysis was carried out by using the Student’s t test. Error bars indicate standard deviation. Scale bar
in (C) applies to all frames and is 130 m.
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explants containing mutant Rho or Rac mRNA by stage 16
(left panels, Fig. 3F, H, J, and L) or indeed by the late
neurula stage (stage 21, data not shown). To quantify cell
intercalation, the ratio of the area of mini-ruby-labeled cells
in the right half of the explant compared with that in the left
half was calculated at stages 10.5 and 16. The stage 16/stage
10.5 ratio provides a measure of how many cells from the
left half of the explant move to the right half between these
stages (Fig. 3M). Cell intercalation was significantly inhib-
ited in Rho GTPase-injected explants compared with con-
trols, the stage 16/stage 10.5 ratio, being reduced from
approximately 4.5 in controls to 1.0 in all Rho or Rac-
injected explants (Fig. 3M). The complete inhibition of cell
movement across the explant midline by activation or inhi-
bition of either Rho or Rac demonstrates that signaling by
these Rho GTPases is essential for cell intercalation during
convergent extension.
Rho and Rac are critical for polarized mediolateral cell
intercalation
Low-magnification, confocal time-lapse movies were
made of shaved Keller explants to examine how mediolat-
eral cell intercalation was affected by Rho GTPases
throughout gastrulation. Explants were dissected at stage
10.5 from embryos that had been injected with 1 ng of
mRNA encoding a dominant negative or constitutively ac-
tive form of Rac or Rho and 1 ng of membrane-targeted
GFP mRNA (GAP43-GFP) at the four-cell stage. Filming
began at stage 10.5. To characterize cell intercalation,
individual cells were assessed for rate of movement, net
mediolateral movement, and the course taken (Fig. 4). We
found that all three parameters were affected by overexpres-
sion of the mutant Rho GTPases. In all treatments, cells did
move but their rate of movement was significantly slowed
compared with controls (Fig. 4F). This combined with a loss
of directed movement (compare the direction of arrows in
control explants Fig. 4A with Rho GTPase-injected explants
Fig. 4B–E) significantly reduced the net mediolateral dis-
tance traveled by individual cells (Fig. 4G). These observa-
tions indicate that inhibition of mediolateral cell intercala-
tion by activation or inhibition of either Rho or Rac is due
to the inability of these cells to undergo polarized cell
movement during gastrulation.
Rho and Rac signaling cooperate to regulate protrusive
activity
Short, high-magnification, confocal time-lapse movies
were made of shaved Keller explants to examine in detail
how cell behavior was altered in explants containing Rho
GTPase constructs. Explants were dissected at stage 10.5
from embryos that had been injected with 1 ng of mRNA
encoding a dominant negative or constitutively active form
of Rac or Rho and 1 ng of membrane-targeted GFP mRNA
(GAP43-GFP), and filming began at stage 10.5. It was
apparent from our movies that there were differences in the
behavior of axial mesoderm cells depending on whether
Rho or Rac signaling was perturbed (Figs. 5 and 6). To
characterize the contribution of Rho and Rac to the regula-
tion of cell intercalation during convergent extension, we
thus assessed a number of parameters relating to cell mo-
tility under different experimental conditions. Cell shape
and the type, polarity, and activity of cytoplasmic protru-
sions were quantified for every cell throughout each movie.
The angle of each cell’s long axis to the mediolateral axis of
the explant was also measured but was found to be unaf-
fected by altering Rho GTPase activity (data not shown).
Cell shape
The cell shape changes that accompany gastrulation were
assessed by measuring the length-to-width ratio (LWR) of
gastrula cells. The mean LWR of cells in control explants
was 1.80 ( 0.15), similar to that previously reported (Shih
and Keller, 1992c; Wallingford et al., 2000); however, in-
hibition of Rho significantly decreased the LWR (1.51 
0.13; Fig. 5I), reflecting their rounder appearance (for ex-
ample compare cells in Fig. 5A with those in C; compare
cells in Fig. 6A–C with those in D and E). The LWRs of
cells in which Rho was inhibited were similar to those of
animal cap cells, which do not undergo convergent exten-
sion, and marginal zone cells prior to gastrulation (Shih and
Keller, 1992c), consistent with the idea that the shape
changes accompanying gastrulation were blocked. CaRho,
caRac, or dnRac did not significantly affect the LWR com-
pared with controls (for example, compare cells in Fig. 5A
with those in D–H; compare cells in Fig. 6A–C with those
in F–M), suggesting that Rho function contributes more to
the control of cell shape change in these cells than Rac.
Coinjection of both dnRho and dnRac had a similar effect to
that of dnRho alone, suggesting that Rho acts independently
of Rac in controlling cell shape (Fig. 5I). Consistent with
this, the LWR of cells in the long, time-lapse movies were
also measured and were found to be significantly affected
by Rho but not Rac (Fig. 4I). Cells in which Rho signaling
was perturbed were rounded throughout gastrulation (LWR
at st. 12.5 dnRho 1.44  0.21; caRho 1.66  0.23), while
Rac-treated and control cells changed shape to the same
extent (LWR at st. 12.5 control 2.71  0.25; dnRac 2.42 
0.20; caRac 2.42  0.23).
Polarity of protrusive activity
We evaluated the effect of Rho GTPase signaling on
protrusive activity in relation to cell polarity, because the
establishment of bipolar morphology as a result of extension
of cytoplasmic protrusions, such as lamellipodia in a me-
diolateral direction, appears to be essential for the interca-
lation of axial mesoderm cells (Shih and Keller, 1992a;
Wallingford et al., 2000). The distribution of lamellipodia
and filopodia was determined by dividing each cell into 90°
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Fig. 4. Coordinated cell movement during convergent extension depends on normal Rac and Rho activity. Time-lapse confocal microscopy was used to
monitor shaved Keller explants dissected from embryos overexpressing dominant negative (dn) or constitutively active (ca) forms of Rho GTPases throughout
gastrulation (3 h). (A–E) The course taken by randomly chosen, individual cells were mapped. The start of the arrow indicates the center of the cell at the
beginning of gastrulation (stage 10.5), and the tip of the arrowhead its center at the end (stage 12.5). The blastopore lip is in the bottom of each panel and
the position of the midline is shown by a dotted line. (A) Control. (B) dnRho. (C) caRho. (D) dnRac. (E) caRac. Note the random nature of cell movement
in frames (B–E) compared with the directed movement of control cells (A). (F) The rate of movement and (G) net mediolateral movement were measured
for a minimum of 39 cells in 3 explants for each treatment. (H) The length-to-width ratio of each cell and the (I) polarity of its cytoplasmic protrusions (see
legend for Fig. 5) were assessed in the first and last frame of each movie. Scale bar in (A) applies to (A–E) and is 50 m. (F–I) Error bars indicate 95%
confidence intervals. In (H), differences that are statistically significant (P  0.05, *).
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sectors and assigning each stable and transient cytoplasmic
protrusion to either the long (LA) or short (SA) axis of the
cell (Fig. 5J). Activation or inhibition of either Rac or Rho
was found to disrupt the normal bipolar pattern of cytoplas-
mic protrusions, creating a more even distribution of pro-
trusions between the cells’ long (LA) and short axes (SA;
compare protrusions in Fig. 5A with C–H; compare cells in
Fig. 6A–C with those in D–M). Activation of Rac signifi-
cantly increased the number of cytoplasmic protrusions as-
sociated with the short axis (Fig. 5J). Statistical analysis
(see Materials and methods) strongly suggested that activa-
tion of Rho also increased the number of protrusions asso-
ciated with the short axis. In a complementary fashion,
inhibition of Rho or Rac decreased the number of protru-
sions associated with the long axis (Fig. 5J). These data
suggest that both Rho and Rac participate in controlling the
polarized distribution of cytoplasmic protrusions of meso-
derm cells during convergent extension, activation tending
to stimulate activity and inhibition to suppress it. Coexpres-
sion of both dnRho and dnRac resulted in a distinct and
more severe effect than expression of either alone, with
significantly fewer protrusions associated with cell long
axes (LA) and significantly more protrusions associated
with short axes (SA; Fig. 5J). This observation supports the
conclusions that Rho and Rac normally cooperate to control
polarized behavior of the cell cortex, and can partially
compensate for one another.
Similar measurements of protrusive activity in the long,
time-lapse movies showed that cells in which Rho or Rac
had been perturbed failed to polarize their cytoplasmic pro-
trusions (Fig. 4J). This suggests that mediolateral cell inter-
calation is abolished by disruption of Rho or Rac signaling
because nonpolarized protrusive activity prevents cells from
creating the balanced traction and force required to move
coordinately.
Dynamic nature of protrusive activity
The dynamic nature of protrusive activity of cells in
control and Rho-GTPase-injected explants was character-
ized by counting the number of stable (S), new (N), re-
tracted (R), and transient (T) protrusions for each cell in
each movie. The relative area of the stable and transient
lamellipodia was also calculated (protrusion area/cell area),
but no detectable differences were provoked by Rho GT-
Pases (data not shown). Although effects of expression of
the various Rho-GTPase constructs on the type and lifespan
of cytoplasmic protrusions also showed considerable varia-
tion, our comparison revealed a number of significant
trends. Activation of Rac and Rho increased the number of
stable protrusions per cell that were, respectively, “signifi-
cant” and “strongly suggestive” according to statistical anal-
ysis (Fig. 5K; note presence of stable protrusions indicated
by arrows and arrowheads in Fig. 5E–H; also see Fig. 6F–H,
I, and M). The increase in the number of stable protrusions
on Rho activation was accompanied by corresponding sig-
nificant decreases in the numbers of new and retracted ones
(Fig. 5K). When both dnRac and dnRho were coinjected,
protrusive activity was disturbed, with cells forming signif-
icantly fewer stable protrusions, whereas neither dominant
negative construct alone had significant effects (Fig. 5K).
This indicates partial redundancy in the functions of Rho
and Rac in determining the dynamic nature of protrusive
activity similar to that seen for cell polarity.
Morphology of protrusions
As a final assessment of the nature of protrusive activity
following manipulation of Rho-GTPase activity, the mor-
phology of protrusions was assessed. We classified protru-
sions into two separate categories, filopodia and lamellipo-
dia, and counted the number formed by each cell during the
course of each time-lapse movie. No effect on the type of
cytoplasmic protrusions could be detected following activa-
tion or inhibition of Rho. In contrast, activation of Rac
greatly increased the number of filopodia per cell but did not
significantly affect the number of lamellipodia (Fig. 5L;
also compare Fig. 5A–F with G and H and compare cells in
Fig. 6A–C with those in L and M). Individually, dnRho or
dnRac failed to show any significant effect on the type of
protrusions formed; however, coinjection of both dnRac and
dnRho decreased the number of lamellipodia per cell (Fig.
5L). These results suggest that Rac signaling influences the
formation of filopodia in intercalating mesoderm cells and
that Rho and Rac are together important for the formation of
lamellipodia.
Taken together, our detailed analyses of shape and pro-
trusive activity in explant cells indicate that Rac and Rho
have both separate and overlapping roles essential for the
progress of convergent extension during gastrulation. The
dynamic nature and polarity of protrusive activity, along
with lamellipodia formation, are controlled by both Rho and
Rac operating in a partially redundant manner. Cell shape is
determined predominantly by Rho and filopodia activity by
Rac. Based on these findings, we propose a model in which
Rho and Rac act in parallel in signaling pathways that
ultimately are integrated to control these movements
(Fig. 7).
Discussion
Rho GTPases are known to regulate remodeling of the
actin cytoskeleton underlying motility and shape change in
many cells, making them clear candidates to be mediators of
morphogenetic events during vertebrate embryogenesis. We
have undertaken the first detailed analysis of how two mem-
bers of the Rho GTPase family, Rho and Rac, participate in
controlling the behavior and morphology of individual cells
in embryonic tissue during one of the best-characterized
vertebrate morphogenetic processes, Xenopus gastrulation.
Convergent extension of axial mesoderm during gastrula-
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tion was found to be dependent on the regulated activity of
both molecules, such that overexpression of dominant neg-
ative and constitutively active forms in the marginal zone of
Xenopus embryos severely disrupted gastrulation without
preventing mesoderm induction or differentiation. Exami-
nation of cell behavior in explanted tissue revealed that
Fig. 5. Rho and Rac have distinct functions during convergent extension. High magnification, 15 min, time-lapse confocal movies were made of shaved Keller
explants overexpressing dominant negative (dn) or constitutively active (ca) forms of Rho and Rac. Representative panels from these movies (A–H) and
quantitative analysis (I–L) are shown. Panels (A), (C), (D), (E), and (G) show the first (t  0) and (B), (F), and (H) final (t  15) movie frames. Different
treatments induced distinct cell characteristics. Cells in control (A, B) and Rac (D, G, H) explants tended to have a greater length-to-width ratio (LWR; I)
than those in Rho explants (C, E, F). For example, compare cell 2 in (A), (D), and (G) with cell 2 in (C) and (E). Polarity of protrusive activity is dependant
on Rho and Rac (J), assessed by assigning the number of stable (S) and transient (T) cytoplasmic protrusions to the long (LA) or short axis (SA) of each
cell. Control cells extend lateral cytoplasmic protrusions (note arrows in A), while cells in which Rho or Rac signaling is disrupted extend protrusions from
the entire cell periphery (note cells 1, 2, and 3 in C–H). Rho and Rac affect the dynamic nature of protrusive activity (K), assessed by calculating the number
of stable, new (N), retracted (R), and transient protrusions per cell per hour. Constitutive activation of Rho or Rac gives more stable cytoplasmic protrusions
than cells in control explants (K). For example, note stable lamellipodia by caRho (arrows in E and F show lamellipodia still present after 15 min) and stable
filopodia by caRac (arrowheads in G and H show filopodia still present after 15 min). The number of filopodia per cell is increased in explants expressing
the constitutively active form of Rac, whereas both Rho and Rac are required for lamellipodia formation (L). (A–H) Explant orientation is the same as in
Fig. 3. Scale bar in (A) is 25 m and applies to all frames. (I–L) Error bars indicate 95% confidence intervals. Differences that are statistically significant
(P  0.05, *), differences that are suggestive of a treatment effect (0.05  P  0.15).
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activities of both molecules are required for the polarized
mediolateral cell intercalation that drives convergent exten-
sion. The repertoire of cellular responses to perturbations of
Rho and Rac activity in mesoderm cells in their natural
tissue environment was clearly different from that reported
previously in cultured cell lines. The two GTPases, operat-
ing in a partially redundant manner, were required to estab-
lish the polarity of cytoplasmic protrusions around the cell
body, as well as to control the dynamics of protrusive
activity and formation of lamellipodia. In contrast, Rho and
Rac appeared to contribute separately to certain cell behav-
iors, Rho being important for the mediolateral elongation of
intercalating mesoderm cells and Rac for filopodia forma-
tion. We conclude that Rac and Rho have distinct but
overlapping roles in regulating the behavior of axial meso-
derm cells during gastrulation, combining to control con-
vergent extension movements by eliciting specific changes
in the actin cytoskeleton (see below; Fig. 7).
Fig. 6. Rho and Rac control the polarity and stability of protrusive activity during convergent extension. Representative cells with distinct protrusive
characteristics induced in response to Rho and Rac treatments are shown. (A–C) Control; (D, E) dnRho; (F–H) caRho; (I–K) dnRac; (L, M) caRac. Time
(t) in minutes is shown in the bottom right of each frame. Examples of retracted filopodia (A), and stable (B) and transient lamellipodia (C) are shown for
control cells. These protrusions tend to be at mediolateral ends of the cells. In contrast, polarized protrusive activity is not established on inhibition of or
activation of Rho or Rac (D–M). For example, dnRho (E), caRho (F), dnRac (J), caRac (L) result in lamellipodia and/or filopodia distributed around the cells
periphery. Activation of Rho or Rac (F–H; L, M) increases the number of stable protrusions and caRac increases the number of filopodia (L, M) compared
with control cells (A–C). Examples of lamellipodia (red) and filopodia (yellow) are highlighted to illustrate their presence at specific times and locations
during the movie. The cells are oriented with the blastopore lip at the bottom of the frame. Scale bar in (A) is 10 m and applies to all frames.
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Rho and Rac are essential for gastrulation movements
Embryos in which Rho or Rac signaling was disrupted
developed with the same range of gastrulation-specific de-
fects, including spina bifida and open proctodeum, resulting
from failure of the blastopore to close. The gastrulation
defects in manipulated embryos appeared to be due to mor-
phogenetic problems and not to be consequence of earlier
failures in mesoderm induction, since genes specific to axial
mesoderm were still expressed and muscle and notochord
differentiated. The origin of the Rho and Rac-related gas-
trulation defects was revealed by examination of explants of
axial mesoderm tissue. Disruption of either Rho GTPase
was found to inhibit elongation by preventing cell interca-
lation and thus perturbing convergent extension. Overex-
pression of wild-type or dominant negative versions of
another GTPase Cdc42 or of Dishevelled, which acts up-
stream of Rho and Rac, similarly inhibits convergent exten-
sion movements in axial mesoderm explants and in activin-
induced animal caps (Choi and Han, 2002; Sokol, 1996;
Wallingford et al., 2000).
During early gastrulation, cells of the axial mesoderm
acquire a bipolar morphology that enables them to interca-
late between one another mediolaterally (Shih and Keller,
1992a). These cells are thought to be attached to one another
along their elongate sides by short filopodia that stiffen the
tissue and enable it to push (Keller et al., 2000). Initially, an
arc of bipolar mesoderm cells, known as the vegetal align-
ment zone (VAZ), form across the blastopore lip (Lane and
Keller, 1997). Mediolateral intercalation of cells in the VAZ
shortens the arc and is proposed to create hoop stress (Keller
et al., 2000). This behavior contributes to involution by
pulling the mesoderm vegetally over the blastopore lip.
Mediolateral intercalation behaviors spread from the VAZ
as gastrulation proceeds. This leads to an increase in hoop
stress that eventually squeezes the blastopore closed. In
order for mediolateral intercalation and arc shortening to
occur, each bipolar cell must have balanced traction at either
end (Keller et al., 2000). If this balance is lost, traction will
not be established and cells will simply exchange places
randomly. Indeed, we found that activation or inhibition of
Rho or Rac impaired the ability of mesoderm cells to ac-
quire their characteristic bipolar morphology and inhibited
directed cell intercalation. This likely caused a reduction in
hoop stress and tissue stiffness, and as a consequence,
mesoderm involution and blastopore closure were impaired
and the embryos developed with typical spina bifida and
open proctodeum defects.
Responses to Rho GTPase activity in intact tissue
In serum-starved Swiss 3T3 cells, Cdc42, Rac, and Rho
each elicit a specific short-term response of the actin cy-
toskeleton (Ridley et al., 1992; Ridley and Hall, 1992;
Nobes and Hall, 1995b). Cdc42 induces the formation of
filopodia and activates Rac. Rac induces the formation of
lamellipodia and activates Rho. Rho in turn induces the
formation of stress fibers. These different cytoskeletal struc-
tures are associated with integrin-containing adhesion com-
plexes and their dynamic assembly and disassembly is nec-
essary for cell movement (Hall and Nobes, 2000). The
constitutive activation of Rac and Rho in Xenopus axial
mesoderm cells differed from the situation reported in these
tissue culture cells in that Rac induced filopodia as well as
lamellipodia, while Rac and Rho appeared to function re-
dundantly in lamellipodia formation.
Rac signaling in Xenopus mesoderm cells may differ
fundamentally from that in Swiss 3T3 cells in that it can
directly induce the formation of filopodia. Since filopodia
can form when Rac is inhibited, this function of Rac would
have to be transferable to other molecules, such as Cdc42,
which has been shown to activate filopodia formation di-
rectly in other cell types (Ridley et al., 1992; Ridley and
Hall, 1992; Nobes and Hall, 1995a). Alternatively, the in-
duction of filopodia by Rac in our experiments may reflect
sustained as opposed to transient activation of Rac. We
injected mRNA into embryos at the four-cell stage, several
hours prior to analysis at the onset of gastrulation, whereas
in fibroblasts, Rac was injected as protein and induced
lamellipodia within 5 min (Ridley et al., 1992). Within
20–30 min, these cells formed stress fibers, probably as a
secondary response to Rho activation. It cannot be excluded
that equivalent exposure of these different cells to Rac
would have more similar morphological consequences.
Another explanation for the induction of filopodia by
Rac in our experiments is that it is a secondary effect due to
a prolongation of the randomly directed protrusive activity
normally observed at the beginning of gastrulation (Shih
and Keller, 1992a). At the early gastrula stage filopodia,
which have a high surface area with the potential to carry
large numbers of membrane-bound receptors, likely act as
sensing devices. Motile cells are thought to use such recep-
tors to sense differences in the signal intensity between their
leading and lagging edge and polarize their actin cytoskel-
eton accordingly (Ridley et al., 1999). Mesoderm cells
likely assess extracellular guidance cues through filopodia.
They subsequently extend lamellipodia mediolaterally ac-
quiring the characteristic bipolar morphology essential for
active intercalation movements (Shih and Keller, 1992a).
We found that constitutive activation of Rac prevents cells
from establishing protrusion polarity (see Figs. 4 and 5).
This may render cells unable to sense their surroundings
correctly and thus, they continue to extend filopodia.
Perhaps the most likely explanation for the differences in
protrusion type induced by Rho and Rac in Xenopus axial
mesoderm and tissue culture cells is the cellular environ-
ment. The experiments performed on fibroblasts were car-
ried out on cells plated out as monolayers on synthetic
substrates whereas we monitored cells in their native tissue
environment. It is becoming increasingly clear that environ-
ment directly affects cell behavior. For example, this has
been elegantly demonstrated by using human mammary
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epithelial cells. When human mammary epithelial cells are
spatially organized in three-dimensional basement mem-
brane cultures, growth and adhesion pathways become cou-
pled and bidirectional. When these cells are cultured as a
two-dimensional, monolayer, however, the same signaling
pathways become uncoupled (Wang et al., 1998). It is likely
that signaling pathways are similarly coupled in the embryo
and account for the differences in cellular responses to
activation or inhibition of each Rho GTPase.
Rho and Rac play distinct roles in convergent extension
In our experiments in explanted axial mesoderm tissue,
wild-type Rac and Rho could rescue inhibition of extension
movements by the corresponding dominant negative con-
structs but could not cross-rescue. This suggests that Rho
and Rac influence convergent extension by distinct mecha-
nisms. Consistent with the idea that these molecules act in
parallel in Xenopus embryos, it has been shown that the
planar cell polarity (PCP) pathway leads to independent
activation of Rho and Rac, downstream of Dishevelled
(XDsh) (Habas et al., 2001, 2003). It appears likely that Rac
and Rho signaling diverge downstream of Dsh to coordinate
specific rearrangements of the actin cytoskeleton necessary
for cell movement during convergent extension (see below;
Fig. 2). Rho GTPases also show distinct functions during
embryogenesis in other organisms. During vulval develop-
ment in C. elegans, two Rho GTPases that are closely
related to Rac, mig-2 and ced-10, function redundantly in
controlling polarized cell migration downstream of frizzled
(Kishore and Sundaram, 2002). In Drosophila embryos,
Rac has been shown to act upstream or in parallel with Rho
to establish planar polarity in the Drosophila eye (Strutt et
al., 1997; Fanto et al., 2000).
We defined the distinct roles of Rho and Rac during
convergent extension by examining a number of parameters
of cell shape and motility characteristic of the intercalation
process. One such parameter is protrusive activity. As cells
begin convergent extension movements during gastrulation,
the protrusive activity of the intercalating mesoderm cells
changes. The cytoplasmic protrusions increase in stability
and fewer new protrusions are formed (Shih and Keller,
1992a). We found that activation of Rho or Rac in shaved
Keller explants increased the number of stable protrusions.
Inhibition of either Rho or Rac did not affect protrusive
activity; however, inhibition of both GTPases reduced the
number of stable protrusions. The lifespan of transient pro-
trusions was also affected. Despite the small number of
transient protrusions measurable in each set of injected
explants (Control n  17, dnRho n  21, caRho n  9,
dnRac n  13, caRac n  6), a distinct contribution of Rho
was seen. Inhibition of Rho significantly decreased the
lifespan of transient protrusions compared with control
cells; however, significant changes in lifespan of transient
protrusions were not detectable with the other mutant Rho
GTPases (data not shown). A similar decrease in the number
of stable protrusions and the stability of individual protru-
sions is seen when Dishevelled is inhibited in Keller ex-
plants (Wallingford et al., 2000). The lifespan of transient
protrusions appears to be controlled predominantly by Rho
since it decreased following Rho inhibition, but was not
further affected when Rac and Rho were both inhibited.
Taken together, these data suggest that activation of both
Rho and Rac downstream of Dishevelled participate in the
modulation of protrusive activity during gastrulation.
Protrusive activity is likely to be regulated by coopera-
tion between Rho and Rac in coordinating the rate of ex-
tension or retraction of the cytoplasmic protrusions. During
convergent extension, Rho may exert control by mediating
assembly or disassembly of focal adhesion complexes. In
Xenopus, the expression of focal adhesion kinase (FAK)
increases significantly throughout the mesoderm and ecto-
derm during gastrulation (Hens and DeSimone, 1995).
PC12 cells deficient in vinculin, an important component of
focal adhesions, show impaired ability to form focal adhe-
sions and are unable to form stable filopodia and lamelli-
podia in their growth cones (Varnum-Finney and Reichardt,
1994).
In addition to regulating protrusive activity, Rho and Rac
likely influence intercalation movements by controlling cell
shape. Prior to gastrulation, cells of the prospective axial
mesoderm are rounded and have cytoplasmic protrusions
evenly distributed around their periphery (Shih and Keller,
1992a). During the early-mid gastrula stages, cells of the
axial mesoderm begin to acquire a bipolar morphology in
which the cells lengthen and their protrusive activity in-
creases medially and laterally. This bipolar morphology is
induced by an overlying single layer of pharyngeal
endoderm (Shih and Keller, 1992b) and is thought to pro-
mote the mediolateral intercalation of mesoderm cells dur-
ing convergent extension. We found that Rho and Rac were
Fig. 7. A model for Rho and Rac action in convergent extension. See
Discussion for details.
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both important in regulating the polarity of cytoplasmic
protrusions, such that the characteristic bipolar distribution
of cytoplasmic protrusions was disrupted in cells in which
either Rac or Rho had been activated or inhibited. In con-
trast, analysis of cell shape changes during gastrulation
suggested that Rho activity influences this process more
than Rac. Inhibition of Rho but not Rac signaling prevented
cells from acquiring their normal elongated shape. Inhibi-
tion of Rho activity by C3 transferase has also been shown
to specifically affect shape changes in Xenopus ectoderm
cells (Winning et al., 2002), and Rho kinase 2 (Rok2), a
major downstream effector of RhoA, has been shown to
mediate cell polarity and motility through changes in cell
shape during zebrafish gastrulation (Marlow et al., 2002).
Rho may control cell shape in one of several ways. In
human and mouse endothelial cells, Rho has been shown to
control the contractility of the cell body by forming stress
fibers (Kanthou and Tozer, 2002; Adamson et al., 2002).
When Rho activity is blocked, stress fibers are not formed
and the cells become rounded. Further, activation of Rho in
serum-starved NIH Swiss 3T3 cells induces cells to change
shape from an epithelial to a motile, fibroblast phenotype
(Sander et al., 1999). Rho has also been shown to control the
formation of cadherin-dependent cell–cell contacts (Braga
et al., 1997). In Xenopus, cadherin-dependent cell–cell con-
tacts control cell shape in the ectoderm (Wunnenberg-
Stapleton et al., 1999) and in the mesoderm during gastru-
lation (Kim et al., 1998; Zhong et al., 1999). Rho signaling
may thus regulate cell shape changes during gastrulation by
modulation of cell contacts and/or destabilization of the
actin cytoskeleton.
In conclusion, we have found that Rac and Rho have
both distinct and overlapping roles that regulate cell shape
and the polarity, type, and stability of cytoplasmic protru-
sions essential for cell intercalation during gastrulation in
Xenopus. These data complement recent biochemical evi-
dence indicating that Rho and Rac are activated indepen-
dently downstream of Xdsh in Xenopus dorsal marginal
zone explants (Habas et al., 2003). They further show for
the first time the biological response of intercalating meso-
derm cells to these pathways. We propose that signaling
through the planar cell polarity pathway splits at XDsh to
elicit distinct cellular responses of the actin cytoskeleton
mediated by Rho and Rac. The Rho and Rac pathways
cooperate to control changes in the cytoskeleton necessary
for convergent extension movements during Xenopus gas-
trulation (Fig. 7): Rac important for filopodia formation
along the elongate sides of intercalating mesoderm cells,
Rho for regulating their bipolar morphology, and both Rho
and Rac for the mediolateral extension of tractive lamme-
lipodia. In order for a cell to migrate in a directed fashion,
specific levels of activity and appropriate spatiotemporal
regulation of each Rho GTPases is required, as well as cross
talk between them (Hall and Nobes, 2000; Schmitz et al.,
2000). The future challenge is to identify the precise cellular
responses to Rho and Rac signaling in embryonic cells, and
to determine how they are integrated to control complex
biological processes, such as cell motility and intercalation,
during development.
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